Recent studies indicate that chemotherapeutic agents may increase the antitumoral immune response. Based on the pivotal role of dendritic cells (DCs) in host tumour-specific immune responses, we investigated the effect of commonly used chemotherapeutic drugs dexamethasone, doxorubicin, cisplatin and irinotecan and glucocorticoids on monocyte-derived DCs (moDCs). Dexamethasone displayed the strongest inhibitory effect on DC differentiation. The effect of cisplatin and irinotecan was moderate, while only weak effects were noticed for doxorubicin. Surprisingly, when the functional consequence of chemotherapy-treated CD14
Introduction
Conventional treatment for solid tumours relies on a combination of surgery, therapies including neoadjuvant or adjuvant chemotherapy and/or radiotherapy. Chemotherapy is believed conventionally to act via direct cytotoxic effects and has common side effects to impair host immunity [1, 2] . However, recent studies indicate that some chemotherapeutic agents increase the anti-tumoral immune response and cause tumour regression [1, 3] . Furthermore, it has been demonstrated for several tumour types that the presence of tumour-infiltrating lymphocytes (TILs) is a positive prognostic factor. In one study on urinary bladder cancer a cohort of 514 patients were evaluated. In the multivariate analysis, including clinical stage (T category), World Health Organization (WHO) grade, papillary status, six morphometric nuclear factors and volume-corrected mitotic index (M/V index), dense TILs were a highly significant indicator of favourable prognosis [4] . Results in a prospective trial on 22 patients with urinary bladder cancer led to the conclusion that a higher number of TILs was associated with better clinical outcome and reduced occurrence of metastases [5] . In addition, the clinical outcome in conjunction with responses to chemotherapy is also increased in the presence of TILs [6, 7] . In a prospective trial including 25 patients with breast cancer, results suggested that development of TILs after neoadjuvant treatment with paclitaxel had a favourable clinical outcome [8] .
Cancer immunotherapy is an evolving attractive additional treatment modality, which offers potentially targeted therapy with fewer side effects compared with conventional therapy. Furthermore, immune-based treatment may trigger immunological memory and provide long-standing effects that are responsive to tumour rechallenges [2] . Novel immune-based treatment strategies against cancer include monoclonal antibodies and adoptive lymphocyte transfer.
In active specific immunotherapies, a vaccination-induced response is created by injecting tumour proteins, irradiated tumour cells and/or tumour cell lysates or by transfusion of dendritic cells (DCs) pulsed with peptides or lysates or transfected with tumour antigen-expressing constructs [2] .
Dendritic cells have a pivotal role in protecting the host from tumour development by initiating, programming and regulating tumour-specific immune responses [9, 10] . Based on their potent antigen-presenting capacity, DCs have been used in many tumour immunotherapy trials and have been shown to induce anti-tumour immunity [11] . In these treatment protocols, patient-derived autologous DC precursor cells such as CD34
+ bone marrow cells or CD14 + monocytes from peripheral blood are often used as precursors to derive DCs for further use as antigen-presenting cells (APCs). Although cytotoxic anthraquinone derivatives have been reported to increase DC differentiation and function [12] , chemotherapeutic agents may mainly induce suppression of DCs. Prolonged exposure to doxorubicin could impair the capacity of c-KIT
+ precursors to differentiate into Langerhans cells [13] . Glucocorticoids are often added to the chemotherapeutic cocktail for treatment of several lymphoproliferative diseases and malignancies, where it induces the expression of the pattern-recognition receptors Toll-like receptor (TLR)-2 and TLR-4, but at the same time they severely impair the differentiation and antigen-presenting ability of DCs in vitro and in vivo [14] . Interestingly, breast cancer patients carrying a loss-offunction point mutation in the TLR-4 receptor have shorter disease-free survival, demonstrating the importance of the immune system in controlling malignancy [15] . Immune adjuvant effects of radiotherapy and chemotherapy on malignant cells include calreticulin exposure and highmobility group box chromosomal protein 1 (HMGB1) release. These adjuvant regimens address DCs for increased antigen uptake and presentation [16] .
In clinical studies the combination of chemotherapy and immunotherapy has shown promising results. Chemotherapy has been reported to alleviate adverse effects and prolong survival for patients with late-stage non-small cell lung cancer receiving chemo-immunotherapy [17] . Chemoimmunotherapy programmes in clinical oncology ought, ideally, to be evaluated initially for the effects on immune function. However, most treatment regimens today are based on the lymphocyte count recovery since the last given dose. This will permit the development of drug dosing and time schedules, allowing recovery of immune function, and may lead possibly to synergistic and augmented antitumour responses.
The effect of chemotherapy drugs on DC function needs to be investigated further. We set out to investigate how three conventional chemotherapeutic drugs, doxorubicin, cisplatin and irinotecan, affect human monocyte differentiation to DCs and to examine their effect on DC functionality.
Materials and methods

Cell culture media, cytokines and reagents
L-glutamine, penicillin, streptomycin and fetal calf serum (FCS) (Hyclone, Logan, UT, USA), Ficoll-Paque (Pharmacia Biotech, Uppsala, Sweden), Roswell Park Memorial Institute (RPMI)-1640 cell culture medium (Sigma-Aldrich, St Louis, MO, USA), recombinant human granulocytemacrophage colony-stimulating factor (GM-CSF) and recombinant human IL-4 (Invitrogen Biosource, Camarillo, CA, USA) were purchased for culture of human cells. The study was approved by the ethical committee at Karolinska Institute. Informed written consent in connection with human buffy coat specimens was obtained from all participants (permit no.: 2008/2017-31). Human CD14 + monocytes and CD4
+ T cells were treated with dexamethasone 1 mM, doxorubicin 0·2 mM, cisplatin 25 mM or irinotecan 125 mM. Rabbit polyclonal anti-human interferon (IFN)-b-neutralizing antibody (Merck Millipore, Darmstadt, Germany) and rabbit immunoglobulin (Ig)G isotype control (Abcam, Cambridge, UK) were used at a concentration of 3000 units/ml.
Isolation of cells
Human peripheral blood mononuclear cells (PBMCs) were isolated from fresh heparinized buffy coats (Department of Transfusion Medicine, Karolinska University Hospital) by Ficoll-Paque (Pharmacia Biotech) density gradient centrifugation. CD4
+ T lymphocytes and CD14 + monocytes were isolated from PBMCs by magnetic sorting using CD4 + T cell isolation kits and CD14
+ monocyte isolation kit II, respectively, and an autoMACS separator (Miltenyi Biotec, Bergisch Gladbach, Germany) following the manufacturer's standard protocol.
Differentiation of human monocyte-derived DCs (moDCs)
DCs were generated as described previously [18] . Briefly, purified human monocytes were cultured (10 6 cells/ml) in RPMI-1640 medium supplemented with 10% FCS, 50 ng/ml GM-CSF and 20 ng/ml IL-4 only as control, or with different chemotherapeutics as described above for 6 days. The cells were fed with fresh medium (half the original medium volume) containing GM-CSF, IL-4 and the respective chemotherapeutic drug at double the original concentration on days 2 and 4. During differentiation the cells were harvested daily for analysis by flow cytometry, as indicated.
T cell proliferation assay
The original concentrations of the chemotherapy drugs were doxorubicin 2 mg/ml (Meda, Holzkirchen, Germany),
The effect of chemotherapy drugs on immunotherapy irinotecan 20 mg/ml (Pfizer, Sollentuna, Sweden) and cisplatin 1 mg/ml (Hospira, Stockholm, Sweden). The drugs were added to 96-well plates to make a 1:2 dilution series for doxorubicin (20-0·01 mM), cisplatin (400-0·2 mM) and irinotecan (400-0·2 mM). A concentration of 1 ¥ 10 5 PBMCs was then added to the wells with the addition of staphylococcal enterotoxin B (SEB) 5 mg/ml (Sigma) and incubated in 37°C for 3 days. Proliferation was measured on day 4 by adding 1 mCi of [ 
Flow cytometry analysis for blast transformation of T cells
Isolated CD4
+ T cells and CD14 + monocytes were incubated separately overnight at 37°C at a concentration of 1 ¥ 10 6 cells/ml with RPMI-supplemented medium alone or in combination with one of the chemotherapeutic drugs. The next day the cells were washed twice with RPMIsupplemented medium. The treated 1·8 ¥ 10 5 CD14 + and 3·6 ¥ 10 5 CD4
+ cells (at a 1 : 2 ratio) were then aliquoted and mixed into 5 ml polystyrene tubes (Becton Dickinson, Franklin Lakes, NJ, USA) to a final volume of 1 ml. Staphylococcal enterotoxin B 5 mg/ml was then added. The mixture was incubated at 37°C for the indicated timeperiod until analysed for blast transformation by flow cytometry. 
Flow cytometry
Quantitative reverse-transcription polymerase chain reaction
Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA). Total RNA (1 mg) was treated with deoxyribonuclease (Dnase) I (Promega, Madison, WI, USA) and then reverse-transcribed using a complementary deoxyribonucleic acid (cDNA) synthesis kit (Bio-Rad, Hercules, CA, USA). The synthesized cDNA was used as template in a real-time polymerase chain reaction (PCR) mix according to the manufacturer's standard protocol (iQ SYBR Green supermix reagents). The reactions were performed in a total volume of 20 ml with 2 ml of respective cDNA sample (7500 fast real-time PCR system; Applied Biosystems, Carlsbad, CA, USA). As a control for the specificity of the real-time PCR, a sample without template was included. All the measurements were performed in triplicate for each sample; the relative amounts of mRNA were calculated using the comparative threshold (Ct) method and normalized against human RNA polymerase II (RP-II) or mouse glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). All primer sequences are provided in Table 1 .
Statistical analysis
Statistical comparisons between groups were made using analysis of variance followed by a paired t-test or Student's t-test. Statistical significance is indicated in the Figures (*P < 0·05; **P < 0·01).
Results
Titration of chemotherapeutic drugs
To investigate the effect of chemotherapeutic drugs on DC function in vitro, we optimized the concentrations of each of the tested drugs. The relevant doses of chemotherapeutic agents were obtained by serial dilutions of the respective drugs. CD4 + T cell proliferation was measured by [ 3 H]-thymidine incorporation after stimulation with SEB in the presence of chemotherapeutic drugs for 3 days. Based on the results, the doses resulting in 50% inhibition of proliferation (LD50) were chosen for further experiments (doxorubicin 0·2 mM, cisplatin 25 mM, irinotecan 125 mM) (Fig. 1) .
Chemotherapeutic agents inhibited differentiation of human moDCs
First, we studied the effect of the chemotherapeutic drugs on the differentiation of human moDCs. Relevant human DC markers were analysed by flow cytometry during differentiation in the presence of doxorubicin, cisplatin, irinotecan or dexamethasone. Dexamethasone has been well demonstrated to inhibit moDC differentiation [19] , and was therefore included as a positive control in the experiment.
We began to investigate the changes in the relative number of cells expressing DC markers from all the donors (Fig. 2a) . Dexamethasone treatment delayed the downregulation of the human monocyte marker CD14 significantly, as demonstrated by the increased fraction of immature DCs expressing CD14 (Fig. 2a, top left panel) . At the same time, dexamethasone caused a significantly smaller fraction of DCs expressing CD1a as a sign of delayed maturation (Fig. 2a, top right panel) . Different effects of dexamethasone treatment on the expression of co-stimulatory molecules were observed; there was no dexamethasone effect on the fraction of cells expressing CD80, while the fraction of cells expressing the inducible Radioactivity [counts per minute (cpm)] was measured for doxorubicin (Fig. 1a) , cisplatin (Fig. 1b) and irinotecan (Fig. 1c) . Data shown are the means of quadruplicate determinations for each condition from three independent experiments. Inhibition of human monocyte-derived dendritic cell (moDC) differentiation by chemotherapeutic agents. Enriched human monocytes were cultured in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin (IL)-4 for 6 days. Chemotherapy agents doxorubicin 0·2 mM, cisplatin 25 mM, irinotecan 125 mM and dexamethasone 1 mM, respectively, were added and were present for the whole dendritic cell (DC) differentiation process. The cells were harvested, stained and analysed by flow cytometry on day 6. Percentages of positive cells (Fig. 2a) and mean fluorescent intensity (MFI) (Fig. 2b) for indicated surface markers were measured for the different groups. Data shown are the means from three donors for each condition. Significant results by comparing the chemotherapy-treated group with the control group are indicated (*P < 0·05; **P < 0·01).
co-stimulator CD86 and major histocompatibility complex (MHC)-II was increased significantly (Fig. 2a) . Doxorubicin treatment (Fig. 2a, middle bars) showed a mild inhibition in the differentiation of moDCs. Although the fraction of cells expressing CD14 was decreased significantly, no obvious change in the expression of CD1a was observed. Interestingly, the fraction of cells expressing CD80 was enhanced after doxorubicin treatment (Fig. 2a) . The increased expression of MHC-II was increased to a similar extent as observed with monocytes treated with dexamethasone, but by contrast, doxorubicin did not cause any effects on CD86 expression. Cisplatin (Fig. 2a, middle right) and irinotecan (Fig. 2a, far right) showed a similar, moderate inhibitory effect with regard to the proportion of cells expressing CD14, CD1a and MHC-II, but did not induce increased cell expression of CD86 compared with control values. The fraction of cells expressing the co-stimulatory molecule CD80 was inhibited by irinotecan, while cisplatin had no effect on cells expressing CD80 (Fig. 2a) .
In addition, we measured the MFI of maturation markers on monocyte cultured with chemotherapeutic drugs (Fig. 2b) . The mean expression levels of CD14 and CD1a (Fig. 2b ) mirrored the effect on the fraction of cells expressing the markers (Fig. 2a) for all the tested drugs. However, none of the tested drugs had an obvious effect on the expression levels CD80 and CD86. With regard to expression of MHC-II, dexamethasone induced a significant increase in MHC-II expression, while the remaining drugs did not have any effect on class II expression. Supplementary Fig. S1b shows the representative histograms for each condition. A time-course with investigations of marker expression was performed daily and the proportion of cells and MFI expression levels is presented for all the markers (Supplementary Figs S2 and S3) . We conclude that chemotherapy drugs change the differentiation of human moDCs.
Chemotherapeutic drugs enhance moDC function in vitro
The ability of APCs to activate T cells can be evaluated by a flow cytometric assay of specific cell-mediated immune response in activated whole blood (FASCIA) [20] . To study the functional consequences of the chemotherapeutic drugs, we used the principle of FASCIA with isolated CD14 + moDCs as APCs and isolated CD4 + lymphocytes as responder cells. Monocytes or lymphocytes treated with chemotherapeutic drugs were co-cultured and activated with the superantigen SEB. Lymphoblast developments among cells treated with chemotherapy were compared with control cells for a 4-day period. Gating strategies for analysis of the lymphoblasts are illustrated in Fig. 3 .
Monocytes and lymphocytes cultured with SEB had peak activation, with maximum blast transformation, on day 3 (Fig. 4) . When monocytes were combined with pretreated CD4 + T cells, we noticed that neither dexamethasone nor doxorubicin affected lymphoblast formation compared with controls (Fig. 4a) . We found a slight decrease in lymphoblast formation on day 3 for irinotecan and day 4 for cisplatin. Therefore, pretreatment of CD4 + lymphocytes with chemotherapeutic drugs seems to have a slight effect on T cell activation (Fig. 4a) . CD4
+ lymphocyte culture in the presence of monocytes pretreated with cisplatin resulted in increased activation of T cells, reaching significance on day 4 (Fig. 4b) . However, dexamethasone, doxorubicin and The effect of chemotherapy drugs on immunotherapy irinotecan-treated monocytes did not cause increased activation of T cells (Fig. 4b ). These results demonstrate that cisplatin enhances the ability of moDCs to simulate T cell activation.
Cisplatin increases IFN-b secretion during DC differentiation
To investigate the mechanism of cisplatin-enhanced DC function, we dissected the production of proinflammatory cytokines during DC differentiation. The transcripts of the proinflammatory cytokines IL-1b, TNF-a, IL-6, IFN-a and IFN-b were not affected in the control group during the 4-day differentiation process (Fig. 5) . Cisplatin treatment did not regulate IL-1b, TNF-a, IL-6 and IFN-a expression. Surprisingly, the expression of the IFN-b mRNA was significantly up-regulated on day 2 and continued to increase (Fig. 5) . Consequently, IFN-b is a likely candidate explaining the enhanced DC function after cisplatin treatment.
Blocking IFN-b attenuates the cisplatin-enhanced T cell proliferation
To demonstrate the role of IFN-b in this setting, we blocked IFN-b function using a neutralizing antibody, and then measured its effect on cisplatin-enhanced T cell proliferation. Staphylococcal enterotoxin B-induced T cell proliferation occurred as expected in the control group. Pretreatment with cisplatin enhanced the SEB-induced T cell proliferation significantly (Fig. 6) . However, when IFN-b was blocked by the neutralizing antibody, the cisplatinenhanced T cell proliferation was attenuated significantly (70% reduction) compared with the isotype control group (Fig. 6 ). This suggests that IFN-b is a major candidate in mediating cisplatin-enhanced T cell proliferation.
Discussion
In this study, we investigated the effect of chemotherapy drugs on the differentiation and functionality of human moDCs in vitro. We found that co-stimulatory molecules showed different expression profiles on DCs when cells had been treated with dexamethasone, cisplatin, irinotecan or doxorubicin. CD80 expression was increased by doxorubicin, but decreased by irinotecan (Fig. 2a) , while the expression of CD86 was increased by dexamethasone treatment only. All four tested compounds increased the expression levels of MHC-II on the DCs (Fig. 2a) . However, dexamethasone, doxorubicin and irinotecan were unable to stimulate T cells in a functional assay (Fig. 4) . Surprisingly, The mixed samples without drug pretreatment were considered as control. The proliferation ratio of lymphoblasts to pretreated T cells and untreated monocytes (Fig. 4a ) and untreated T cells and pretreated monocytes (Fig. 4b ) was calculated at the indicated time-periods, and then normalized to the value of the day 2 control sample that was set to 1. Data shown are the mean values from three donors. Error bars illustrate standard deviation. Significance comparing the chemotherapy-treated groups with the control group is indicated (*P < 0·05; **P < 0·01).
the blast transformation of T cells in a FACS-like analysis revealed that cisplatin pretreatment of CD14 + human monocytes increased their ability to activate CD4 + T helper cells (Fig. 4) , despite the finding of no increase in the expression of co-stimulatory molecules (Fig. 2b) . To reveal the mechanism behind the cisplatin-induced ability of DCs to stimulate T cell activation, we measured levels of cytokine transcripts. Cisplatin treatment of DCs did not regulate the mRNA expression of the proinflammatory cytokines IL-1b, TNF-a, IL-6 and IFN-a. However, IFN-b mRNA expression was up-regulated significantly (Fig. 5) . Furthermore, blocking IFN-b with a neutralizing antibody significantly attenuated the cisplatin-enhanced T cell proliferation (Fig. 6 ), thereby demonstrating a role for IFN-b in the enhanced dendritic T cell-stimulating capacity after cisplatin treatment. IFN-b has been shown to play a critical role in inducing increased antigen-presenting ability in DCs [21, 22] . In our study, IFN-b was up-regulated more than fourfold after 2 days of cisplatin treatment, and the expression was consistent over the time-period of increased T cell activation (Fig. 4) .
Singh and Sodhi report that, in their study, cisplatin treatment enhanced the antigen-presenting ability of macrophages and increased keyhole limpet haemocyanin (KLH)-primed T cell proliferation in a biphasic manner. In addition to IL-1 and TNF-a, Ca 2+ , they suggest involvement of calmodulin and calmodulin-dependent kinases in the second phase of antigen presentation [23] . In our study, cisplatin showed a similar ability to increase DC function, causing T cell activation (Fig. 4) . Cisplatin inhibited DC differentiation but no significant effects were seen on the expression of the co-stimulatory molecules CD80 and CD86. Dendritic cell antigen presentation to T cells requires the combined action of signals 1, 2 and 3. Therefore, the increased MHC expression (signal 1) in combination with the increased expression of the proinflammatory cytokine IFN-b (signal 3) is compatible with the effect we observed for cisplatin regarding T cell activation.
Dexamethasone has been well demonstrated to inhibit human DC differentiation, maturation and antigenpresenting function [14, 24] . Our results are consistent with earlier findings [24] : the DC differentiation process was inhibited, as shown by affected CD14 and CD1a markers and decreased CD80 and CD86 co-stimulatory markers. MHC-II was expressed by a high MFI in our experiment instead of decreased expression. This was caused probably by different doses of drugs used, as reported previously [24] .
Doxorubicin pretreatment in non-cytotoxic concentrations (2 or 10 nM) up-regulated the ability of mouse bone marrow-derived DCs to present antigens to antigen-specific CD8 + T cells, and the function was associated with the + cells were mixed in a final volume of 1 ml after twice washing. Interferon-b-neutralizing antibody and its immunoglobulin (Ig)G isotype control were added separately to the cell mixture. After 1 h, staphylococcal enterotoxin B (SEB) 5 mg/ml was added and then the mixture was incubated for 5 days for analysis by flow cytometry. The mixed samples without treatment were considered as control. The proliferation ratio of lymphoblasts was calculated for different treatment groups, and then normalized to the value of the control group, which was set to 1. Data shown are the mean values for three donors. Error bars illustrate standard deviation. Significance comparing the groups is indicated (*P < 0·05; **P < 0·01).
Supporting information
Additional Supporting Information may be found in the online version of this article: Enriched human monocytes were cultured in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin (IL)-4 for 6 days. Chemotherapy agents doxorubicin 0·2 mM, cisplatin 25 mM, irinotecan 125 mM and dexamethasone 1 mM, respectively, were added and were present for the whole dendritic cell (DC) differentiation process. The cells were harvested, stained and analysed by flow cytometry on day 6. Histograms represent data on three donors for each condition.
Figs S2 and S3. Inhibition of human monocyte-derived dendritic cell (moDC) differentiation by chemotherapeutic agents. Enriched human monocytes were cultured in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin (IL)-4 for 6 days. Chemotherapy agents doxorubicin 0·2 mM, cisplatin 25 mM, irinotecan 25 mM and dexamethasone 1 mM, respectively, were added and were present for the whole dendritic cell (DC) differentiation process. The cells were harvested, stained and analysed by flow cytometry at indicated time-periods. The histogram shows changes in indicated surface molecules in cells from the different groups. The percentage of positive cells (Supplementary Fig. 2 ) and mean fluorescent intensity (MFI) (Supplementary Fig. 3 ) for indicated surface markers were measured for the different groups. Data shown are the means from three donors for each condition. Significant results from comparing the chemotherapy-treated group with the control group are indicated (*P < 0·05; **P < 0·01).
